A scanning force microscope was converted to an electrostatic force microscope by charging the usually neutral cantilever with phospholipids. The electrostatic force microscope was used to study surface electrostatic charges of samples in aqueous solutions. Lysozymes, DEAE-Sephadex beads, 3-propyltriethoxysilane-treated glass and mica were imaged in water or phosphate buffer with electrostatic force microscopy. The adhesion force measured when a charged probe and oppositely charged specimen interacted was up to 500 times greater than when a bare probe was used. This dramatic increase in measured adhesion force can be attributed to the energy required to break the salt bridges formed between the charged probe and the specimen. The use of phospholipids to functionalize the cantilever tip allows the incorporation of other biomolecules and ligands that can be used as biologically specific tips (e.g., receptors, drugs) for the study of intermolecular interactions.
Understanding the surface properties of biomolecules and biomembranes is important for the study of biochemical processes and membrane surface phenomena. The activities of most biomolecules are on or near the surfaces of the molecules; these include substrate binding and catalytic sites on enzymes, as well as binding sites for ligands, hormones, and other agonists and antagonists on receptors (1) . The surface properties of a cell membrane affect the structure and function of membrane proteins such as receptors, ion channels, and membrane transporter proteins (2, 3) .
The scanning force microscope (SFM; refs. 4 and 5) , like other near-field microscopes, images the surface structure of a specimen by scanning a probe on its surface to form a raster. SFM is multifunctional and has been used to image surface topography of calcium phosphate crystals with atomic resolution (6) ; to measure the forces of interaction between ligands and receptors (7) , complementary strands of DNA (8, 9) , and hydrocarbons and carboxyl groups (10) (11) (12) ; to mechanically manipulate DNA molecules (13) and biomembranes (14) ; to monitor the biochemical process of actin polymerization in living cells (15) ; and to determine elastic properties (16) and viscosity (17) of the specimen.
The interaction force between the probe and the specimen is determined by the nature of the tip, the specimen, and the environment in which the imaging is done. When a bare tip approaches the specimen, the interaction force between tip and specimen can be attractive or repulsive (18) . When the tip is withdrawn from the specimen, the adhesion force is less when the imaging is done in solution as compared to air (19) and is less when the imaging is done in an organic solvent (less polar) as compared to that in aqueous solution. A recent study showed that direct incubation of the tip with biotinylated bovine serum protein altered the tip and allowed the study of the interaction force between biotin and avidin (7) .
In this report, we show that a SFM can be modified by coating Si3N4 tips with charged phospholipids and used as an electrostatic force microscope (EFM) to monitor the surface electrostatic nature of a specimen. Coating tips with phospholipids offered these advantages: (i) the lipids could be removed with organic solvents, so that the same tip could be used for comparative studies, as will be discussed later; (ii) lipids could be modified to attach drugs or ligand molecules; and (iii) receptor molecules could potentially be reconstituted onto the tip, thereby allowing this receptor tip to screen drug molecules with higher affinities.
MATERIALS AND METHODS
Materials. The lipid 1-palmitoyl-2-oleoyl-L-a-phosphatidyl-DL-glycerol (sodium salt; pG) was from Avanti Polar Lipids. Lipofectamin, purchased from GIBCO/BRL, was a mixture of 2,3- 
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Tip Geometry and Parameter Determination. Tip geometry and parameters were determined by imaging colloidal gold particles with a known radius, as in ref. 20 .
Data Analysis. A NanoScope III contact-mode microscope with a long-legged cantilever was used to record scanning forces. The interaction force sensed by the cantilever was measured while the sample approached the tip, resulting in an "extending" force curve that was used to analyze the attractive force between the tip and specimen. The "retracting" force curve resulted when the sample was moved away from the tip, and this force was used to analyze adhesion force. A cantilever spring constant of 0.06 N/m provided by the manufacturer (Digital Instruments) was used for the calibration. RESULTS The standard Si3N4 tip had an hydrophobic surface, as evidenced by a force curve determined from the image of a paraffin surface. A high adhesion force (9.6 nN) was measured when a naked Si3N4 tip was used to image the paraffin surface (dielectric constant of 2.2) in water ( Fig. 1, trace 1 ). The force became negligible when the imaging was done in ethanol (0.2 nN, Fig. 1 , trace 2) and only slightly decreased when done in 5 M NaCl solution (9.8 nN, Fig. 1, trace 3) . In comparison, when a mica surface was imaged with an untreated or "naked" Si3N4 tip, a 5-to 10-fold reduction of the adhesion force was observed when imaged in 5 M NaCl or in water. The coulombic and the van der Waals forces seemed to play a significant role on the adhesion force between naked tip and paraffin surface because the addition of 5 M NaCl, which changes the dielectric constant of the medium, had little effect on the adhesion force. Both coulombic and van der Waals forces are inversely related to the dielectric constant of the solution (21) .
A tip coated with pG acted as a negatively charged sensor. The adhesion forces between the negatively charged pG tip (net negative charge per pG molecule is 1) and the cationic DEAE-Sephadex beads was 12.7 nN ( Fig. 2A , trace 1), much higher than the 0.1 nN observed for a naked tip on the beads or the pG tip on mica ( Fig. 2A, traces 2 and 3 ). Ca2+ (up to 4 mM) increased the adhesion force by 1-to 5-fold for both the naked tip and the pG tip imaging mica.
Imaging APTES-treated glass showed a higher adhesion force with the negatively charged pG tip (16. Tip Displacement (nm) Biophysics: Xu Three different tips were analyzed for their geometry before being used for the force study (Table 1) , and the adhesion forces for naked tips on paraffin and mica and DOSPA tips on mica vary. Tips 1 and 2 with similar RT values (where RT is the curvature radius of the tip) seem to have similar adhesion forces on paraffin (without tip coating) and mica (with DO-SPA coating), whereas tip 3, with a larger RT, showed higher adhesion force on paraffin and mica.
The DOSPA tip was stable (Fig. 4) : the adhesion forces of a naked tip on mica and paraffin and the DOSPA tip on mica remained constant over 1 min of sampling (31.7 ± 0.4). Tips coated with DOSPA were tested up to 2 hr, and the adhesion forces remained constant (31.6 nN + 0.6, n = 150).
Lysozymes adsorbed on mica were imaged in phosphate buffer using a pG tip (Fig. 5A) . A spectrum of adhesion forces between 4 and 9 nN was recorded for the interaction between the pG tip and the lysozymes (Fig. 5B) , which was much higher than the 0.5 nN obtained for the interaction between the naked tip and lysozymes under the same conditions (Fig. SB, An electrical double layer exists on the surface of a Si3N4 tip with ionizable groups resulting from partial oxidation, including SiOH and Si2NH (24, 25) . Depending on the pH and the electrolyte concentration, the surface charge of silicon nitride can be either positive, zwitterionic (zero net charge), or negative. At neutral pH, the net charges on the silicon nitride surface are near zero. The percentage of the charged-touncharged area of the tip surface, rather than the nearly neutral-charge status of the tip, is more important to the orientation of the phospholipid molecules. Under our experimental conditions (pH 6.0 and 7.0) the charged area may only represent a small percentage of the total surface because the adhesion force between an untreated tip and a paraffin surface (nonpolar, hydrophobic) was 10 times larger than the force measured on mica. This result suggests that the force of interaction between the tip and the hydrophobic tails (nonpolar, hydrophobic) of the lipid molecules is much higher than the interaction between the tip and the head groups (polar, charged). The lipid molecules probably oriented themselves so that the hydrophobic tails contacted the tip and the head groups faced the aqueous solution (Fig. 6 ). This orientation is speculative, of course, but seems likely after the silicon nitride tip contacts a preformed lipid monolayer at the water-air interface. The structure may be more complicated or become more complicated (trilayers, multilayers) as the result of interactions during imaging or the heterogeneity of binding to the tip. The bottom line, however, is that our measurements were reproducible over time and were not much affected by any potential or real change in the structure of the lipid molecules on the tip during imaging.
The attractive force between the DOSPA tip and mica was probably due to coulombic and van der Waals forces (21 adhesion force was due to coulombic, van der Waals forces, and, more importantly, the force needed to break the salt bridges and hydrogen bonds formed between the lipid molecules on the tip and the specimen (26, 27) . The surface of mica is negatively charged in aqueous solution; charge density is 0.009 charge/m-2 or 0.056 charge/nm2 (28) due to dissociation of the alkaline ions. A lipid molecule occupies an area of -6 nm2 (29-31). Roughly one salt bridge could be formed for every three lipid molecules between the DOSPA on the tip and mica.
Long-range electrostatic double-layer repulsive force was observed for naked-tip imaging of both mica and paraffin in aqueous solution. Strong attractive force observed for the DOSPA tip on mica was probably the sum of the long-range electrostatic attractive force between the two oppositely charged surfaces and the short-range van der Waals force.
Dications can stabilize the monolayer structure (3, 4) . The effect of Ca2+ on adhesion force could result from a structural change of the lipid monolayer on the tip; a change in surface potential on both specimen and monolayer surface of the tip and a change in the dielectric constant of the medium due to Ca2+ addition would only decrease adhesion force (21) .
A legitimate concern of using lipids, rather than chemicals bound covalently to the tip, is whether the lipid molecules could be stripped off the tip during scanning. Although possible, such a result did not seem to affect the use of the lipid tip to monitor surface charges. We tested DOSPA tips on mica surface, and the force remained almost unchanged for a fixed position during 2 hr of continuous monitoring of adhesion force. Potentially, it might be beneficial if lipids were pulled off the coated tip surface. Tips might be designed to allow a ligand to be delivered to its protein receptor to initiate the biological action of the receptor molecule.
Adhesion force varied significantly when the pG tip was used to interact with different particles of DEAE-Sephadex. This result contrasts with the rather uniform force measurements when the DOSPA tip interacted with different areas of mica. Such variation could result from nonuniform charge.distribution on the Sephadex beads or, perhaps, from changing areas of tip-specimen contact due to the uneven surface of the Sephadex beads.
The variation of adhesion forces in the experiment with lysozymes might reflect different areas of the molecule being probed. The force between the pG tip and the protein might not necessarily result from interaction with a single molecule. However, it would be reasonable to believe that the molecule forming salt bridges with the pG tip contributed more to the adhesion force than the other lysozyme molecules.
Although not studied here, high loading force is a problem for all types of SFM. We are uncertain whether compressed protein molecules would spring back to their natural conformation at the time the adhesion force was measured because negative force was actually applied to the specimen concomitantly. Determination of the contact area of the tip with a soft biological specimen is also a major challenge because contact area depends on force, tip size, and compressibility of the specimen.
Whenever an SFM image is obtained in the presence of membrane lipids (such as cells, membrane proteins, and artificial membranes) or other surfactants in aqueous solution, a charged tip might be formed from the interaction of the tip with the monolayer of lipids or surfactant on the water-air interface. The danger is that we may be imaging the specimen with a charged or surface-active tip, instead of the relatively inactive Si3N4 tip. As long as the lipids or surfactant existed in the aqueous solution, those amphipathic molecules could make the tip surface more active by forming either a monolayer or double layer, depending upon the surface chemistry of the original tip. Energetically, it is a favorable process to make the tip surface more active because it would mean less structurally ordered water molecules around the hydrophobic tip and an entropy increase.
The idea of using amphipathic molecules to form charged tips could be generalized to the preparation of any other functionalized tips. This technique could be a potentially powerful approach to studying biomolecules of physiologic and pharmacologic importance. As long as the materials used to modify the tip have a hydrophobic tail and a polar head group, one could chemically modify the head group and attach other small chemical molecules to it. It should be practical to link drug molecules or ligand molecules, as well as other agonists or antagonists, to the lipids and prepare drug and ligand tips. One could imagine using an amphipathic molecule that has a pKa around the pH to be measured to form an amphipathic tip and to access the surface pH in a nanometer scale.
